Drought stress linked with climate change is one of the major constraints faced by common bean farmers in Africa and elsewhere. Mitigating this constraint requires the selection of resilient varieties that withstand drought threats to common bean production.
Introduction
Common bean (Phaseolus vulgaris L.) is one of Africa's most essential pulses [1] . Among the grain legumes cultivated in Ethiopia, dry beans are regarded as the most important crop for food security and wealth creation [2] . An overview of four years' data from 2011 to 2014 indicates that more than 337,000 ha were dedicated to production of 455,000 tons of common beans annually [3] . Common bean contributes to the national economy as both a food and an export commodity, in both cases serving as a source of income and employment to a large supply chain [4] . The crop provides vital nutrients as a food including vitamins, proteins, and minerals and the stems are also used as fodder for livestock, especially in the dry spell following the main cropping season [5] . As a legume, common bean plants also contribute to soil fertility enhancement through atmospheric nitrogen fixation [1] .
Drought stress, both as a seasonal phenomenon and as part of climate change, is currently the leading threat to the world's food supply [6] . This stress is more severe than other abiotic stresses in common beans, making it the main challenge to the livelihood of bean farmers in marginal, unfavorable environments [2, 7] . Most common bean production in the developing world occurs under conditions where the risk of drought is high [7, 8] . Numerous regions where drought is already a challenge in Africa, such as Ethiopia, will suffer from warmer and successively drier weather as a result of climate change over the next few decades [9] .
Several studies have revealed the radical effect of drought stress on common bean performance. Exposure to drought affects total biomass and seed yield, photosynthate translocation and partitioning, number of pods and seeds per plant, root length and mass, and maturation time [2, [10] [11] [12] . In common bean, drought stress during flowering and post-flowering caused reductions of 60-99% in yield [13, 14] , 25 .4% in number of pods per plant, 20.3% in numbers of seed per pod [15] , and 11% in seed size [2] .
The average national yield of common bean in Ethiopia is estimated at 1300 kg ha −1 on smallholder farms and 1700 kg ha −1 on commercial farms [16] in contrast to a production potential of 3000 to 4000 kg ha − 1 in research fields [7, 17, 18] . It is generally assumed that drought problems in crop production can be resolved by applying irrigation, but most African farmers are resource-constrained and lack access to irrigation water [14] . In addition, many farmers grow beans in uneven terrain not suitable for irrigation [7, 14] . The best option for reducing such yield gaps and realizing yield stability under unfavorable environments is thus the development and deployment of drought-tolerant varieties. Drought tolerance, once genetically encoded in the seed of a variety, can be used readily by many farmers for combating drought effects in common bean production [2] . Availability and use of highyielding drought-tolerant varieties of common bean would decrease dependence on irrigation water and thereby reduce cost of production, stabilize yield in drought-prone areas, and ultimately increase profit margins for farmers.
Breeding for drought-tolerant crops is challenging and time-consuming, owing to the need for simultaneously considering multiple abiotic and biotic factors modulating the level of drought-tolerance. Previous attempts made to evaluate genotypes for drought tolerance indicated high levels of drought tolerance in Durango landraces and some Mesoamerican common bean cultivars [19] [20] [21] . Genotypic evaluation studies in Ethiopia identified drought tolerant genotypes and selection traits for improving drought adaptation in common bean [2, 10, 14] . The present study assessed multiple adaptive traits for their relative contribution to drought adaptation of the genotypes and combined this assessment with clustering analysis to identify divergent trait progenitors and candidate varieties for use in hybridization to gain maximum genetic recombination for droughttolerance in subsequent generations.
Materials and methods

Experimental design and trial management
This study used 64 genotypes, of which one was bred locally for drought adaptation and the rest were introduced from the International Center for Tropical Agriculture (CIAT by its Spanish acronym), Cali, Colombia (Table S1 ). These genotypes were generated from crosses between well-known sources of drought resistance. The SCR lines are small red beans carrying drought tolerance with recessive genes for resistance to bean common mosaic virus. Hawassa Dume, a small red-seeded Mesoamerican bean type bred locally for its disease tolerance, seed color, and yield advantage under water deficit conditions and released in Ethiopia in 2008, was used as a locally adapted variety check. A few advanced breeding lines (SER16, RCB745, and SXB412) were included as additional checks.
The genotypes were evaluated in 8 × 8 simple lattice design experiments with two replications, each repeated under two moisture regimes for a total of four replicates evaluated. The first treatment was non-stress (NS), in which the genotypes were irrigated until maturity whenever soil moisture was depleted to 30% field capacity. The second treatment was drought stress (DS), in which the genotypes were irrigated up to the mid-pod stage when soil moisture was depleted to 30% field capacity and thereafter the irrigation was halted until maturity, thus exposing the genotypes to terminal drought stress. The plots consisted of two rows 3 m in length using 60 cm between-row and 10 cm within-row spacing. Across both treatments, a total of 100 kg ha −1 diammonium phosphate fertilizer was applied at planting and the plots were handweeded once before flowering.
The experiment was performed during the dry season at the Hawassa Agricultural Research Center, South Nations, Nationalities and People's Regional State (SNNPR) from November 2014 to March 2015. Hawassa is located at 7°03′ N and 38°30′ E at an elevation of 1650 m.a.s.l. with average annual rainfall of 959 mm distributed mainly in the rainy season (May to August). The site had well-drained sandy loam soil of pH .7. The daily average maximum and minimum temperatures of the site during the growing season were 26.9°C and 12.4°C, respectively, and the genotypes were planted in the dry season when additional moisture from rainfall was unlikely. Daily precipitation and minimum and maximum temperatures were recorded with a digital mobile weather station located at the experimental field in Hawassa to confirm the low-rainfall regime. Soil moisture content was determined with Aquaterr digital soil moisture, temperature and salinity meter (Aquaterr instruments and automation, USA) at sample points of 10, 20, and 40 cm soil depth during flowering, mid-pod filling and maturity stages.
Plant trait measurements
Physiological traits of genotypes were assessed by measurement of multiple plant attributes using nondestructive sampling at different growth stages of the crop. The traits measured were 1) days from sowing to flower opening of at least one flower on 50% of plants in a plot (days to flowering, DF); 2) days to maturity (DM) based on number of days from sowing to physiological maturity of at least 90% of the plants in a plot; 3) leaf chlorophyll content measured by SPAD chlorophyll meter reading (SCMR) at mid-pod filling stage, about one month after flowering and before harvest maturity on 10 fully expanded young leaves of three plants in each plot using a non-destructive, portable SPAD-502 chlorophyll meter (Minolta Camera Co., Ltd., Japan); 4) plant height (PLHT) was also measured at mid pod filling stage on five plants per plot using meter stick, and the final measurements were recorded at harvest and included; 5) vertical root pulling force resistance (RPF); 6) number of pods per plant (PDPL); 7) number of seeds per pod (SDPD); 8) 100 seed weight (100 SW); and 9) seed yield per hectare (YLDH). RPF was measured on five plants per plot using IMADA-DS2 digital force gauge (Cole-Parmer instrument company LLC, U.S.A.) by tying a string to the stem of the plant just above the ground and pulling it upward. PDPL and SDPD were recorded by counting the pods and seeds of five randomly selected plants. Seed yield was recorded on a plot basis using FX3000i sensitive digital balance with a capacity of measuring up to 3200 g and 0.01 g scale (A&D Engineering LLC, U.S.A.), which was also used to determine 100 SW as a random sample of total yield. Finally, yield was corrected based on seed moisture content determined with a seed moisture meter (Dickey John corporation, U.S.A.). The plot yield was converted to yield per hectare after adjusting to 12% moisture content.
Statistical analysis
A general linear model (GLM) was used for data analysis and LSD at P ≤ 0.05 was used for mean separation. Data from each growing environment were analyzed separately and the homogeneity of error variances was tested by Bartlett test [22] before combined analyses were performed. Simple correlation coefficients among traits were determined using the mean trait values for genotypes. All data were used in an analysis of variance (ANOVA) using the GLM procedure in SAS v. 9.4 software (SAS Institute, 2012).
In addition to the direct measurements, some derived variables were calculated from primary data: drought intensity index, drought susceptibility index, drought tolerance index, mean productivity, geometric mean productivity, yield reduction rate, and yield stability index [23] [24] [25] [26] .
where Y DS and Y NS are the mean yields of a given genotype evaluated under drought stress and non-stress conditions, respectively, and X DS and X NS are the mean seed yields over all genotypes evaluated under drought stress and non-stress conditions, respectively. Principal component analysis was employed to identify traits with more contribution in to the principal components. Clustering of genotypes was performed using the average linkage method, using the 14 phenotypic traits evaluated under drought-stress treatment and six drought indices. Traits with Eigenvectors greater than or equal to 1 were considered in the cluster formation and the ideal number of clusters was determined by looking at the agreement between cubic clustering criterion, pseudo F and pseudo-t 2 statistics between groups [28] . Genetic distances between the centroids of clusters were calculated as standardized D 2 , based on suggestions of Mahalanobis [29] .
Results
Weather and soil moisture
The maximum and minimum daily temperatures and the daily rainfall received during the crop-growing period are presented in Fig. 1 . The DS and NS treatments received a total of 51.8 mm rainfall during the growing season in only three rain events, creating moisture-stress conditions for the DS treatment. The amounts of water in the soil profile throughout the crop growth period are shown in Fig. 2 for DS and NS conditions, respectively. Drought stress resulted in 29.8% reduction in YLDH, 26.1% reduction in SCMR, and 19.1% reduction in PDPL (Table 1 ).
Yield-related traits
Data from NS and DS treatments were compared to assess the effect of drought stress on yield-related traits and the datasets were combined after a test for homogeneity of error variance confirmed the appropriateness of a global ANOVA treating genotypes as fixed and environments as random. The mean square values for DM, PLHT, and SCMR were highly significant (P ≤ 0.01) between genotypes, between treatments, and for genotype-by-treatment interaction ( Table 1 ). A significant difference (P ≤ 0.01) was also observed between genotypes for RPF. DM ranged from 94 to 107 days with mean of 102 days in the NS treatment and from 82 to 99 days with mean of 89 days in the DS treatment. Exposure to drought caused a mean reduction of 13 days (12.7%) in DM compared to the NS treatment. SCR16 and BSF10 were the earliest to mature (95 days) in the NS treatment, while Hawassa Dume (106 days) and BFS29 (107 days) were late to reach physiological maturity in the NS treatment. Under drought stress, BFS10 and BFS55 were earliest to reach physiological maturity (82 days) and were the highest-yielding varieties. The genotypes SCR27 (98 days) and SCR25 (99 days) were late to reach physiological maturity in the DS treatment.
With respect to plant architecture, PLHT ranged from 24.0 to 47.5 cm with mean of 37.3 cm for the NS and from 24.8 to 43.8 cm with a mean of 31.8 cm for the DS treatments. A mean reduction of 5.5 cm in PLHT was observed when the NS compared with the DS treatment. The shortest plant in the NS was SCR1 and the tallest was BFS35. Genotypes SCR13 and BFS67 showed the minimum and maximum plant heights, respectively, in the DS treatment.
With respect to photosynthesis in the DS treatment, the highest SCMR (39.7) was measured for SCR5 and the lowest (15.6) for SCR15. This trait was also highly affected by drought stress, with a 26.1% reduction from the non-stress treatment. BFS34 and SCR34 showed the highest and lowest RPR of 11.3 and 25.4, respectively, in the NS treatment. RPF ranged from 9.4 to 29.8 with a mean of 21.1 for the DS treatment, BF54 and BFS55 showing the highest values and SCR15 the lowest. Drought stress caused a 1.4% increase in RPF in comparison with the NS treatment.
Among yield components, highly significant differences (P ≤ 0.01) between the treatments, genotypes, and genotypeby-treatment interactions were also observed for the variables PDPL, SDPD, and 100 SW, all measured at or after harvest. PDPL ranged from 16.6 to 55.8 with mean of 39.6 for the NS treatment and from 14.4 to 50.1 with a mean of 32.1 for the DS treatment. The mean PDPL was 18.9% higher in the NS than in the DS treatment. Genotypes BFS35 and SCR1 showed the highest and lowest PDPL, respectively, in the NS treatment, whereas BFS55 and SCR35 showed the highest and lowest in the DS treatment. Exposure to drought caused 100 SW to decrease by 10.7% from the NS treatment. SCR18 showed the highest 100 SW and SCR6 the lowest in the NS. SCR2 and SEC24 showed the highest and lowest 100 SW, respectively, in the DS treatment.
For YLDH, the mean squares of genotypes, treatments, and genotype-by-treatment interaction also showed highly significant differences (P ≤ 0.001). Exposure to drought stress caused a yield penalty of 29.8% in the DS relative to the NS treatment. On the basis of seed yield under DS and NS conditions, the 64 genotypes could be classified into four differential categories ( Fig. 3 and Table S1 ). In the first In the second yield category were genotypes with the lowest degree of adaptation and yield in the DS and NS treatments, including SCR1, SCR3, SCR15, SCR21, SCR26, SCR27, SCR29, SCR34, SCR35, BFS10, BFS18, BFS20, BFS23, BFS24, BFS30, and BFS75. The third category contained genotypes that showed high yield (higher than the check) in the DS treatment but low yields (lower than the check) in the NS treatment, including SCR4, SCR7, SCR8, SCR10, SCR13, BFS27, SCR16, SCR18, SCR19, SCR20, BFS14, SCR23, SCR24, BFS32, BFS39, BFS55, BFS67, and SEC24. Category 4 included genotypes that yielded well in the NS treatment but showed correspondingly lower yield in the DS treatment. These were SCR2, SCR6, SCR11, SCR12, SCR14, SCR22, SCR25, SCR28, SCR30, SCR31, SCR32, RCB745, BFS35, BFS47, BFS60, and SXB412. In total, 10 genotypes from group 4 had significantly higher yields than Hawassa Dume in the NS treatment. These were genotypes BFS35, SCR32, SCR12, SER16, BFS60, SCR6, SCR11, SCR30, SCR37, and BFS29. The yield advantage of these genotypes ranged from 29.2% for BFS35 (3819 kg ha −1 ) to 14.4% for BFS29 (3381 kg ha −1 ). Finally, nine genotypes (BFS55, BFS39, SER16, BFS32, BFS14, SCR9, SCR33, SCR20, and BFS29), gave yields significantly (P ≤ 0.05) higher than that of the check in the DS. Yield advantages over Hawassa Dume ranged from 27% for BFS55 (2579 kg ha −1 ) to 19.2% for BFS29 (2423 kg ha −1 ).
Effect of drought stress on seed yield
The severity of drought stress effects on seed yield over all of the experiments, expressed as a drought intensity index, was moderate at 0.3. The drought tolerance indices for individual genotypes were also estimated ( Table 2 ). Based on mean productivity and geometric mean productivity, genotypes SER16, BFS29, SCR37, BFS54, SCR9, and SCR33 were higher-yielding under the two watering regimes.
In contrast, the genotype rankings by the indices of drought susceptibility, drought tolerance, and yield stability and yield reduction rate were different from those by mean productivity and geometric mean productivity. Accordingly, genotypes SCR20, BFS14, SCR13, BFS32, BFS39, BFS55, and SCR8 were considered tolerant to drought stress because of their low values for drought susceptibility index and yield reduction rate and high values for drought tolerance index and yield stability index. However, these genotypes were not among the highest-yielding lines under the NS condition. In contrast, genotypes SCR14, BFS47, SCR29, RCB745, BFS18, SCR35, SCR26, SXB412, SCR15, SCR31, and SCR34 were considered susceptible to drought stress, although some yielded well under NS condition.
Correlation between traits
As shown in Table 3 , YLDH was positively correlated (P ≤ 0.01) with SCRM (r = 0.5), RPF (r = 0.6), PDPL (r = 0.7) and SDPD (r = 0.6) under DS conditions. However, the significant correlation between YLDH and DM was negative (r = − 0.6). DM was also significantly negatively correlated with RPF, PDPL and SDPD. SCMR showed a positive significant correlation with RPF, PDPL, and SDPD. Under the NS condition, correlations between YLDH and all the other traits measured except for 100 SW (SCMR, PLHT, DM, RPF, PDPL, and SDPD) were positive and highly significant. Positive, significant correlations were also observed between SCMR, DM, RPF, PDPL, and SDPD. 100 SW showed no significant correlation with YLDH under NS and DS conditions.
Clustering of genotypes
The average linkage grouping method using the DS variables identified by PCA produced four clusters of the 64 genotypes ( Fig. 4) . Cluster III was the largest, containing 35 genotypes (54.69%) followed by cluster I, which contained 23 genotypes (35.94%). Clusters II and IV were small groups containing four (6.25%) and two genotypes (3.12%), respectively (Table S1 ). Genotypes with high degrees of yield adaptation under DS were grouped in cluster I (Fig. 3 , Table S1 ) and those with low adaptation under DS were grouped in cluster III. Genotypes SCR 15 and SCR 34 were grouped in cluster IV. These genotypes showed the least yield adaptation under both NS and DS conditions. Genotypes BFS14, BFS32, SCR13 and SCR20 were grouped in cluster II as genotypes that were not adapted under NS and highly adapted under DS conditions. The Mahalanobis distance between clusters is presented in Table 4 . The highest inter-cluster distance appeared between clusters I and II (D 2 = 1837.8) followed by clusters I and IV (D 2 = 1482.5) and clusters II and III (D 2 = 941.1). The lowest inter-cluster distance was found between clusters II and IV (469.9) followed by that between clusters III and IV (654.2).
Discussion
Dry-season weather conditions imposed the main stress in the experiments in this trial, especially in the non-irrigated treatment. The daily average maximum and minimum temperatures during the season were 30.7°C and 11.3°C, respectively. These temperatures are within the favorable range for common bean growth [7, 28] . However, the total amount of rainfall received through the growing period was much lower than the 350-500 mm rainfall required by the crop, indicating moderate to high drought stress. Terminal drought stress, as experienced in this study, is the most important problem for common bean production in much of the developing world [29] .
In this study, the genotypes were evaluated under moderately high drought stress (corresponding to a drought stress index of 0.3), which was adequate to reveal genotypic differences, as seen by the differential response of the genotypes for the various traits measured. Ambachew et al. [14] and Beebe et al. [21] reported that evaluation of genotypes under conditions of extreme drought stress reduces seed yields to very low levels that could nullify the genotypic differences among test materials. However, high to moderate stress is useful for genotypic selection. It is also worth noting that because insufficient stress could result in selection of non-resistant genotypes, evaluation of common bean under high to moderate stress is considered ideal [2, 29] .
The significant effect of the genotypes, treatments and the genotype-by-treatment interaction for the various traits indicated that the expressions of the genotypes across the two growing moisture regimes was not static and nonresponsive but rather adaptable. This result is in accord with those of Asfaw and Blair [2] , Porch et al. [30] , and Rezene et al. [31] , who reported differential response of common bean varieties to drought-stressed and non-stressed conditions.
The influence of drought stress on trait expression of the genotypes varied. Some characters were more sensitive to drought stress effects than others. Seed yield, days to maturity, plant height, 100 seed weight, leaf chlorophyll content, and pods per plant were highly sensitive to drought stress, whereas seeds per pod and vertical root pulling force resistance were the least sensitive. This difference could be attributed to differences between genotypes or to the nature of the traits. Significant reduction in days to physiological maturity as a result of drought stress was observed in the present study and previously [20, 21] . Phenotypic plasticity has been reported in common beans subjected to drought stress [32] as a mechanism for adaptation. For example, some common bean genotypes respond to drought stress by hastening their maturity [7, 19] . Earliness to harvest can be linked to drought escape and, as such, is a mechanism of drought tolerance [33] . Rao et al. [20] reported drought tolerance of early-maturing genotypes, given their lower net water requirement throughout their plant life cycle compared with late-maturing genotypes. Rezene et al. [31] and Singh [33] found that late-maturing genotypes suffer greater reduction in performance under drought stress than do early ones.
Drought is known to affect plant photosynthesis [32] . The higher leaf chlorophyll content observed in the non-stressed treatment in this study was a result of the availability of moisture in the soil throughout the entire life cycle of the crop, which favors the vegetative growth and induced the plants to grow taller and produce more chlorophyll. Chaves et al. [34] reported that drought stress reduces leaf chlorophyll content. However, a small chlorophyll increase (4%) has been observed under drought as well [35] . Drought stress during the mid-pod fill stage can decrease leaf chlorophyll content, resulting in a progressive decline in photosynthetic capacity, although in our previous study [14] , genotypes with higher leaf chlorophyll content produced higher seed yield than those with lower content.
The higher mean performance of genotypes for vertical root pulling force resistance under drought stress conditions suggests that common bean responds to drought stress by increasing root growth. The role of vertical root pulling force resistance in common beans was first reported by Ambachew et al. [14] as a proxy root trait for measuring the roots' ability to obtain water. The higher the resistance to the upward pulling force, the greater was expected to be the root system attachment to the soil in which it was growing, suggesting higher root density and deeper rooting system. The same study found a significant correlation between vertical root pulling force resistance and seed yield.
Yield-component traits are generally good indicators of overall drought stress, and our study showed significant reductions in number of pods per plant, 100 seed weight, and seed yield under drought conditions. Similarly, Asfaw and Blair [2] reported significant reductions in pod number per plant, seed number per pod, 100 seed weight and seed yield of common beans under similar drought-stressed conditions. The higher reduction in number of pods per plant in drought-stress as compared to the non-stress condition, may have been due to a reduction in flower fertilization under drought-stress conditions [14] .
The reduction in seed yield and 100 seed weight associated with drought is thought to be caused by a decrease in photosynthate assimilation and poor carbohydrate partitioning to the developing grain because of drought stress [20, 31, 35] . The strong association between photosynthate assimilation and better remobilization of carbohydrates by drought-tolerant genotypes permits them to maintain high 100 seed weight irrespective of the moisture content of the soil [33] .
This study has implications for plant breeding. Understanding of the relationships among plant traits under drought-stress should prompt common bean breeders to make better yield measurements and record drought-response characteristics in more detail. Among the yield traits, we found, as also previously reported [2, 14, 21, 31] , a positive significant correlation between seed yield and pods per plant and seeds per pod under drought and non-stressed conditions. The success of hybridization in a breeding program depends on the choice of distant parental lines. Crosses that involve parents selected from the clusters characterized by maximum genetic distance in this study are expected to result in maximum genetic recombination and variation in subsequent generations once the lines are introduced into small red bean breeding for Ethiopia or other countries.
Conclusions
The adaptation of genotypes to drought-stress conditions and their good performance in a well-watered environment were associated with leaf chlorophyll content, vertical root pulling force resistance, number of pod per plant, and number of seeds per pod. Most of the genotypes showed adaptation to drought stress by reducing their days to physiological maturity, thereby minimizing the effect of drought. Genotypes BFS55, BFS39, BFS32, BFS14, SCR9, SCR33, and SCR20, which yielded well under the drought-stressed condition, may be good sources of resistance to this stress. Hybridization between genotypes selected from clusters I and II will provide the maximum genetic recombination and variation for drought tolerance.
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